General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



Monopole Track Characteristics in Elastic Detectors 


S.P. Ahlen 
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Total and restricted energy loss rates are calculated for magnetic 
monopoles of charge g » 137 e in Lexan polycarbonate. Range-energy 
curves are also presented. The restricted energy less model Is used 
to estimate the appearance of a monopole track in plastic detectors. 

The results are applied to the event observed by Price et al. and 
identified by them as a monopole. These results should also be of 
use to other investie^ators for both the design and analysis of 
monopole experiments. 
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It has been shown that one can describe the electromagnettc 
interaction of magnetic monopoles of charge g, velocity Pc with matter 
by the following procedure: solve the analogous problem for electric 

charges of charge Ze,. velocity @c and then make the substitution 
gP for Ze. ' This leads to an approximately constant energy loss rate 
I(Ze/P)* g*)]. I will advance further arguments for this prescrip- 
tion in this paper. I will also demonstrate that this result does 
not imply that a magnetic monopoie of charge g * 137 e will appear 
at all velocities like a minimum ionizing electric charge with Z = 137 
in dielectric track recorders. 

I. Elementary Treatment of Energy Loss of 

Electrically and Hagnetically Charged Particles 

Let us first consider the electron production spectra for 
electric and magnetic charges. We will consider projectiles much 
more massive than an electron so that the classical kinematic limit 
of energy transfer is given by = 2 ni^c* P^ Letting 

denote the electron production spectrum per unit length per unit 
energy, we note that 

dn ^ 4 ttN do /.» 

dwdx * w dQ* 
m 

where N is the electron number density and is the differential 
cross section for the scatte-ing of a free electron by the heavy 
particle in the center-of-momentum frame. can be expressed as a 

function of 0‘, the center of momentum scattering angle, by the 

, . 2 0 ‘ 
relation w ^ w sjn 

m 2 
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The specific energy loss can be Immediately calculated: 


^ w dw 

dx J w , dwdx 


'min 

Atomic and quantum effects are taken into account by carefully 
considering the liiaits of integration. Clearly w « w(b , ) , 

niox III I n 

w . • w(b ) where b is the impact parameter because close colli- 

sions result in the largest energy transfers. Classically, one expects 

that w » w » 2 m c^ 6^ However, If b is small enough so that 

max m b 

the wave packet of the electron overlaps with the (assumed massive 

and hence fixed) force center, then we expect quantum mechanical 

h 

limitations of the energy transfer, corresponding to b^.^ = rTvy 

the de Broglie wavelength of the electron in the center of momentum 

fran». So w is the smaller of the two quantities w„ and 
max ^ m 

B * 

The maximum impact parameter is determined by the adiabatic limit. 
The fields of a moving electric charge vary like (b^ + y* 
where t = 0 when the charge is a distance b from the electron. The 
symmetry of Maxwell's equations implies the same dependence for mag- 
netic charges. 

Hence, for both magnetic and electric charges, the fields at the 
electron are appreciable for a time t ~ When ^ ^ being a 

typical orbital time for an atomic electron), the force turns on and 
off so slowly that the electron is adiabatical ly perturbed with no 
net change of state. So energy transfer requires: 


b < ^ » b 
b) max 
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and w 


min 


w(b J . 
' max' 


Using the classical Rutherford cross section for an electric 
charge in equation (1) yields the familiar result 


(using the more correct Mott cross section would modify this result 
by a factor 1 - Hence for electric charges » the results can 


m 


be summarized as: 


j_ u) *Z*e* w 

liU ■ i?55- ;r!:> 


u. 2 = '""fe 


min 


m^ 


"<•>) ■ ^ (for Rutherford scattering). 


w 


max 


2m^c*e^Y^ if Z/3 > 137 

2 4 2 


2Z*e-y^m 


h2 


if Z/e < 137 


w 


. 2Z^e**g)^ 

min m v'*Y^ 

6 


for Z/6 < 137» the case we will be considering. 


u ^Z*e^ m c^B^y^ 


dx^e ” c^3^ 


In 


h(i) 


This result approximates the more accurate Bethe-Bloch relation 
which includes the effects of atomic or molecular binding and rela- 
tivistic corrections 


.. tu *Z’e^ 

^ [In (- 


dx 




h<w> 


•) “ eM 


The scattering of an electron by a magnetic monopote can be 
treated in a straightforward manner using relativistic classical 


- 4 - 


mech^«)Ics^: there are no bound states and the orbit of the electron 
Is a spiral on the surface of a cone» The center-of -moment urn 

5 

differentia} cross section is : 


^ . JL 6! 

^ (si n^ 6 - 6 cos 6 sin 6) [(~)^ ** I] 

01 

where cos y- * ir sin 6/26 

r * 

and « - f (I + 137 " gsflFr)* 

where r^ is the classical eiectron radius, b is the impact parameter, 
and the charge of the monopoie is taken to be g » 137 One can find 
as a function of w by direct computation: 


dn 

dwdx 


27rNe‘^(ip)^ 

ttT c^w^ 
e 


(1 + 0 


with ^ z .08 near w (always determined by the quantum mechanical, 

tnsx 

rather than kinematic, limit) failing rapidly to zero as w goes to 
zero. This result Is independent of velocity (from 8 = .05 to 
3 = .95). Thus, we can approximate: 


dn ■ ^ 2TrNe‘*(137)^ 

dwdx'm m c^w^ 
e 

with an error no greater than 0.5^ in dE/dx. We should note that for 
small scattering angles in the center-of-momentum frame, the cross 
section for a magnetic charge approaches the Rutherford cross section 
for an electric charge wl th the replacement g$ for Ze. 
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Hence 


min m 

C ’ 


For »05 < 3 < .95 it is found that 


u V(I37)* .83 m cW 

dx’m c' ho) ' 

where we have used ge - he. This is virtually identical to the 

electrical case except for the replacement of Ze by g3. 

Since our ultimate goal will be to try to estimate what rela~ 
tivistic electric charge will mimic a monopole (this is the appro* 
priate question one must ask if one is analyzing an event in which 
a particle apparently does not slow) we should attempt to formulate 
a consistent way of looking at the relativistic ionization of electric 
and magnetic charges. The method given above does not take into 
account the microscopic poiari zabl 1 i ty of the medium (i.e., the 
density effect) since it is based only on the microscopic collision 
cross section. 

Since these effects are important at relativistic energies, we 
now consider the more accurate but less intuitive approach due to 
Fermi which includes these effects. Fermi's^ treatment of the energy 
loss of a moving electric charge in a medium which can be characterized 
by its low frequency dielectric constant (e) incorporates these 
macroscopic effects, based as it is on Maxwell's equations for the 
fields of the moving charge. Fermi obtained for the energy loss due 
to collisions with Impact parameter greater than b: 
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& 

'dx^b 


^ P <ab^ ^ 

P 


(0 "Z^e" 


P r, /J.123Bc^ (1-6^), . 1 . 0 . _-i 

b - ^ - 2prr^ . «f 6 > £ ^ 


By utilizing the symmetry of Maxwell’s equations, and extending 
Fermi's treatment to include permeability effects (this is essential 
since the transcription of electric results to magnetic results 
requires an interchange of £ with y) Tompkins^ obtained the analogous 
result for monopoles: 


(«) 

'dx'b 



(Ld23_|c]Q^).^j , if e < e"^ 
P 


r, /I. 123 

2(^ 

p 


^7^1 . if B > e'^ 


This applies to nonabsorbing, (e is real) non-permeable (y = 1) media. 


For total energy loss we let b be given by 


m VY 
e ' 


which was previously 


shown to take precedence over the kinematic limit for monopoles. To 

obtain e we note that for 6 < e with b = — ^ • ■, Fermi's formula 

m^vy 

reads : 


dx 


0) ^Z^e^ 

-.E 

c2g2 


[In 


1.123 m c^e^Y^ 



1 C "i* 

which Is identical to the Bethe-Bloch formula with { {23 ^^p^FT^ “ 
i h <u> (aside from the 0^/2 term instead of 0^). Here we will only 
be interested in Lexan polycarbonate which has h<oo> = 69.5 eV (the 
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! 




i 

^ logarithmic mean excitation energy). For Lexan, hw = 22.8 eV, so 

^ • 

I e ■ 1.52. (This Is quite different from the true low frequency 

8 

i dielectric constant for Lexan, e = 3.17 • showing how poorly a single- 

^ osci 1 iator model describes this complex polymeric material . However, 

we can safely apply this "fitted" e to the description of the energy 
loss of a monopole, because e relates to the properties of the medium, 
not the particle.) Using g = 137 e, we obtain for the total energy 
loss rate of a monopoie in Lexan: 

( 3*00 GeV/(gm/cm^) [9.31 + 2 In Py]* 3 < .81 

dE ) 

I 3.00 GeV/(gm/cm2) [11.09 + In 3 y - .96/8^]. 3 >.8l 

li. Formation of Etchable Tracks In Lexan 


The reader is referred to ref. 9 for a complete description of 
the principles of particle detection and identification by means of 
observations of their tracks in dielectric solids. Unless stated 
otherwise, the following information on tracks is extracted from that 
reference. 

When heavi ly Ionizing part eles pass through certain dielectric 
solids they leave semi “permanent records of their passage by the 
formation of tracks: localized regions of intense radiation damage. 

These latent tracks, being smaller than the wavelengths of visible 
light, can be made observable by chemical etching which causes the 
damaged region to be removed at a rate which is greater than the 

general rate of removal Vg. This results in the formation of a cone 
of half angle 0 given by sin 6 ~ Vg/V^. The cone can be observed 
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through an optical microscope. The length of the cone is used to 
determine which is then used to identify the particle. 

Hany ^t■;ldels have been proposed for the description of track 
formation, but none has enjoyed great quantitative success. Table 
1-5 In reference 9 lists the more attrative models. At present no 
particular model fits observed data over all atomic numbers and 
velocities. For Lexan polycarbonate detectors, power laws of the 
form Vj ® A(Z /S)° are used to fit the data. (Z is the effective 
charge of the nucleus; Z -*■ Z for large 3) • Since this is not derived 
from some physical model it is not surprising that £ varies from 
batch to batch of Lexan, from exposure to exposure, and even as a 
function of V^. Even though no firm track formation model exists, 
several qualitative features are known. It seems that the primary 
mechanism for track formation Is electronic excitation and i ^.-ition 
rather than atomic displacement, although the latter may be relevant 
at energies of the order 1 keV/amu. It is also known that the size 
of the latent track is very small. Transmission electron microscopy 
has been used in the thickness contrast mode to measure a latent track 
diameter of -60 A for fission fragments in mica. Electrical conduc~ 
tance measurements of freshly etched cylinders at the time of break- 
through give a pore radius of 33 A for fission fragment tracks in 
mica and -50 A for fission fragment tracks in Lexan. 

Using these facts we want to make the best guess as to the 

nature of the ti*aek formed fay a monopole with g = 137 e and velocity 

* 

3c. It Is not sufficient to rep face wl th 137 in the power law fit 
mentioned above. This would give an etch rate totally independent of 
velocity, a 





result which cannot be correct since as 3 ionization, and hence 

ra*^*ation damage, must cease (of course, if 6 ■ 6(P) then Vy = Vy(B) )• 
Rather than do this, we want to find the property which characterizes 
a track, to calculate the nature of this property for monopoles, and 
to determine the corresponding electric charges which would produce 
the same etch rate. 

The restricted energy loss model (see Table 1-5 of ref. 9) is 
convenient in this regard. This model holds that the character of 
the track is determined by the energy loss which contributes to delta 
rays with energy less than some fixed amount. This model is attractive 
because it is consistent with the observed narrow track widths. For 
Lexan the value of the fixed amount is typically taken to be ^ 350 eV. 

(This number comes from empirical fits of accelerator data.)^^ The 
restricted energy loss model neglects the effects of high energy delta- 
rays. Strictly, this is Inappropriate. However, a 500 keV electron 
deposits only ~2 eV In a typical Lexan track core, whereas a 350 eV 
electron will execute a random walk and deposit all of its energy 
in the core. These notions are consistent with those involving a 
critical dose for track recording. It Is well known in radiation 
chemistry that organic solids suffer degradation (chain scission for 
polymers, formation of free radicals, etc.) when subjected to intense 
doses of radiation. Typically, if the dose is less than some criti- 
cal value, little change in material properties is observed, whereas 
doses exceeding the critical value lead to extremely rapid deterioration 
(this is even true for human beings; there is a fine line between 
apparently mild radiation sickness and almost certain death). If one 
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assumes that latent track formation is determined by the size of the 
cylinder in which a critical dose is attained, then It seems reasonable 
that high energy 5-rays can be neglected In evaluating track formation. 
There are relatively low numbers of these high energy electrons and 
their energy is dissipated over much larger volumes than Is the energy 
of low energy electrons. 

We let '^1350 denote the restricted energy loss for a monopole 

In Lexan. The impact parameter corresponding to 350 eV ?•; b , ~ -=£=: 

n /2m w 
c o 

where w^ * 350 eV. This is so because if the impact parameter were 
smaller than this, the uncertainty principle would imply that we couldn't 
know that the energy transfer was less than w^. In order that we treat 
electric and magnetic charges consistently with respect to each other 
we will take b , = , The factor 1.123 is introduced to get 

/ilmeWQ 

agreement with a quantum mechanira- treatment of restricted energy loss 

for electric charges (see ref. 3» P* . Since the minimum impact 

parameter Is determined from quantum mechanical kinematic constraints, 

it is the same for both electric and magnetic charges. 

Inserting this value for b_. into Tompkins' formula we have for 

fHi n 

a monopole In Lexan: 


mt n 


0.117 A 


(^) 

'dx^350 


3.00 GeV/(gm/cm2) [5.90 + In By], g < .81 


3.00 GeV/(gm/cm^) [7-68 - .96/6^], 6 > '.81 


For relativistic electric charges we obtain from Fermi's formula: 


^^^350 ~ MeV/(gm/cm^) 


(e) 
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This result is in agreement with Eq. 13*80 of ref. 3* 

We now define the effective electric charge by 
l.08 MeV/(gm/cm^) “ ^^^350 (3). Zg is the atomic number of a 
relativistic nucleus wh!d> would produce a cone Identical to that of 
a magnetic monopole of speed 3> 

Figure 1 gives the functional dependence of Z^ on 3. In Figure 1 

we also plot the restricted and total energy loss rates for monopoles 

with g » 137 o in Lexan. It is seen that at 3 ~ O.OI ionization 

dE 

reaches a very low level. The precise way in which approaches zero 
'Is difficult to calculate. Nevertheless, at these low velocities 
energy losses due to collisions with nuclear Coulomb potentials and 
with the diamagnetic repulsive potentials of the inner core electrons 
of atoms dominace. It Is these elastic collisions which rapidly ther- 
mal ize the monopole. The curve for total energy loss may also be in 
error at large 3 j at 3 = -95; b = h/mvy = 0.33 b/m c < h/m c, so 

c 6 6 

our treatment of close collisions is suspect If relativistic quantum 
effects are important. 

By integrating *^ 3 n find range ene'-gy curves for 

monopoles of various masses: 


R(6) = Mc^ 

6 


3 dB 

( 1 - 3 ")^^^ ^ 


Ve choose 3 = 0.01 as the lower limit on velocity since this is the 
effective limit for ionization. For any Ionization-sensitive instru- 
ment, this is the effective end-of-range, since further motion will 
not register. 
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Ill Figure 2 we plot R(B)/Mc* as a function of y -1. Note the 
slight upturn in this function at low velocities due to the decreased 
energy loss rate. 

If one assumes the restricted energy loss model to be accurate, 
then the principal sources of error in our calculations are uncer- 
tainties in w and e as well as the usual problems with calculating 
o 

dE 1 2 

^ (are close and distant collisions treated properly?). Jackson 

has estimated that these model independent errors cause an uncertainty 

in Z of ± 5 charge units at every velocity. Of course, we cannot 

place a numerical degree of uncertainty on the model dependent errors, 

since we don't know what the true behavior is. Hence, knowledge of 

the true track formation mechanism is needed to evaluate the overall 

accuracy of our results. 

III. Applications to the "Monopole" Event 

13 

Priest, et al. have recently reported a cosmic ray event which 

they Interpret as a moving magnetic monopole {B ~ «5) traversing their 

13 

detectors. Figure 2 of ref. indicates the apparent atomic number 

Ze to be 137. Subsequently, experimental calibrations with iron cosmic 

ray nuclei have reduced the measured effective charge to ~121. 

Figure 2 of this paper indicates th^t this latter value is consistent 

with a monopole which has B ~ -S. 

In Figure 3 we plot the data of Price, et al. with a slight 

modification. The scale for the depth has been changed to agree with 

13 

corrections subsequent to ref. involving the construction of the 
detectors. Also, we make no distinction between the triangles and 
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solid black dots (20 hr. and ^0 hr. etch times) since the respective 

iron calibrations ats! reported to show no syitematic differences 

1 4 

between the two sets of data. 

If one assumes that the curve which fits the data best is 
smooth (i.e., that the event is not a fragmenting nucleus, which case 
has been treated elsewhere)^^ then the best fit curve ;s the straight 
line: 


- (2.91 - .0406 ^ (X = depth) 


p/hr 


The error at 1 standard deviation on the slope is ± .0658 
If the event truly was a monopole, one can place limits on the 
mass (which are considerably more stringent than that of 200 in 
ref. 13 by requiring tha’’ the slope be within an appropriate con^- 
fidence interval. We have 



d3 d£ 
d6 dE dx‘ 


If we assume ~ ^^^350’ consistent with power lav/ fits of the 
form Vj ~ (■g-)'* (ref, 13) then: = K(5-9 + in 3y) ^ v/here K is a 

constant determined by the data. 


dVj 

3T ■ * 


1 n 


SY) f and f - 


Mc^3y' 


wi th 


dx 


-3 


GeV 

gm/cm* 


[ 9.31 + 2 In m> 


assLiming g < .81, which is greater than the limit demanded by the 
published interpretation of the Cerenkov film evidence. 
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dV. 


dx 


- « -2K(5.9 + In By) ^ ^ zMh: 19.31 + 2 In ByI 


gm/cm^ 


^--'^«-7f5r(9-3'.2 '"By) 


If the event is a monopole, its slope must be less than 0. At 
the 84% confidence level, its slope cannot be less than -.106 


This means that (9* 31 + 2 In By) at the 84% confidence level. 

Some examples are: 


82 


Me* > 


'^1200 GeV if B = .4 
875 GeV if B = .5 
611 GeV if B = .6 
396 GeV if B = .7 


These large masses are consistent with the suggestion by *t Hooft 

that certain gauge theories imply the existence of monopoles with rest 

mass on the order of 137 M , where M is the mass of the weak intermedi- 

w w 

ate vector boson. 

in Figure 3 we sketch approximate curves of V^ vs. X for various 
masses at B = .5- 
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IV. Revelance of Results to Monopole Search Experiments 

The results of this paper have direct bearing on two classes of 
monopole experiments: those which look for moving magnetic monopoles 

with ionization sensitive Instruments and those which look for trapped 
monopoles by extraction from minerals with magnetic fields (which 
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invariably use ionization sensitive instruments for the detection 
of the monopoles after extraction). For both types of experiments, 
care should be taken that gains and thresholds of the ionization 
sensitive detectors are adequate for the conditions of the experiment 
(for example, Lexan polycarbonate would not even detect monopoles if 
6 i .05, because of the reduction of specific energy loss at low 
velocities). One should also consider the effects of the possibly 
huge mass of the monopole with regard to an extraction type experi- 
ment. If the mass is large there could be two consequences: t) The 

monopole would not follow field lines If it was rigid enough; 

2) extracted velocities might be insufficient to trigger ionization 
detectors. 
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Figure Captions 


Figure 1. Total and restricted energy loss rate for monopoie with 
charge g ■ 137 e in Lexan. Ze{0) is the electric charge 
with B » 1 which would produce a track identical to that 
of a monopoie with velocity 3c. 

Figure 2. Range - Energy curve for a magnetic monopoie wi th g = 137 e 
in Lexan. 

Figure 3. Data of the event observed by Price, et a1. Superimposed 
are curves of etch rate vs. depth which one would expect 
for a monopoie with mass 200 GeV, 600 GeV. 
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